Introduction
The monitoring of long-term and periodic variations both in pulse shape and slowdown rate of the isolated pulsar PSR B1828-11 shows strong Fourier power at periods of ≃ 1000, 500, and 250 d, with the strongest one at period ≃ 500 d (Stairs et al. 2000) . The close relationship between the periodic changes in the beam shape and the spin-down rate of the pulsar suggests the possibility of precession of the spin axis in a rotating body. The precession of the spin axis would provide cyclic changes in the inclination angle χ between the spin and magnetic symmetry axes. The result will be periodic variations both in the observed pulse-profile and spin-down rate of the pulsar.
Recently Jones & Andersson (2001a) and Link & Epstein (2001) studied a freely precessing neutron star due to a small deformation of the star from spherical symmetry coupled to a torque such as magnetic dipole moment, gravitational radiation, etc., and explained some part of the observed data. Because of the strong periodicity at period ≃ 504 d seen in the data, Jones & Andersson (2001a) reasonably suggested that the actual free precession period is P fp = 1009 d. A coupling between the magnetic dipole moment and star's spin axis can provide a strong modulation at period P fp /2 ≃ 504 d, when the magnetic dipole is nearly orthogonal to the star's deformation axis. But their model could not explain the strong Fourier component corresponding to a period of ≃ 250 d. The latter component has a significant contribution in the observed variations of period residual ∆p, its derivative ∆ṗ, and pulse shape. For this reason, Link & Epstein (2001) assumed that the strongest Fourier component (≃ 500 d) represent the actual free precession period. They found that for a small deformation parameter of ǫ = (I 3 − I 1 )/I 1 ≃ 9 × 10 −9 , a free precession of the angular momentum axis around the symmetry axis of the crust could provide a period at P fp ≃ 511 d. Here I 1 = I 2 = I 3 are the principle moment inertia of the star. Further, they showed that a coupling of nearly orthogonal (fixed) magnetic dipole moment to the spin axis would provide the observed harmonic at period ≃ 250 d. Their model has good agreement with observations both in the pulse period and shape variations, but as they mentioned, it failed to explain the Fourier component at period ≃ 1000 d seen in the data.
The existence of precession in a neutron star is in strongly conflict with the superfluid models for the neutron star interior structure. These models have been successfully explained the glitch phenomena (with both pre-and post-glitch behavior) in the most neutron stars in which the pinned vortices to the star crust become partially unpinned during a glitch (Alpar et al. 1984) . As shown by Shaham (1977) and Sedrakian et al. (1999) , the precession should be damped out by the pinned (even imperfect) vortices on a time scale of few precession periods. For example, PSR B1828-11 with typical degree of vortex pinning, I pinned /I star ∼ 1.4% (indicated by pulsar glitches in stars that frequently glitch), would precess for ≪ 40 sec, far shorter than the observed periods (Link & Epstein 2001) . Here I star is the total moment inertia of the star, while I pinned is the portion of star's fluid moment inertia that is pinned to the crust.
The free precession description provide an effective decoupling between the internal superfluid and the crust. Recently, Link & Cutler (2001) studied the problem more carefully by considering dynamics of the pinned vortices in a free precessing star under both Magnus, f m , and hydrodynamics (due to the precession),f p , forces. They found that the precessional (free) motion itself prevents the vortex pinning process and keeps the vortices unpinned in the crust of PSR B1828-11 while precessing, for a force density (per unit length) f p ∼ 10 16 dyne cm −1 . Further, they showed that partially pinned-vortex configuration cannot be static. Therefore, one would expect a long term variation in the internal magnetic field distribution of the star. The variations may be understood by considering the continuity of interior/exterior field lines which the interior lines are frozen into the fluid, while the exterior lines are entangled by the crust. Although the core cannot be completely decoupled from the crust, otherwise the field would then wind up indefinitely as the crust spins down, if the field penetrates the core, and create enormous stresses as well as create problems explaining the luminosities of rotation-powered pulsars (B. Link 2002, private communication) .
In this paper, motivated by the above conjecture, we suggest that the cyclical changes in the timing data is produced by precession of the star's crust coupled to the magnetic dipole torque of a rotating magnetic dipole moment. Following Link & Epstein (2001) we assumed that the star precesses freely around the spin axis, but with period P pre ≃ 1000 d. Then we show that the magnetic torque exerted by a dipole moment may produce the other observed harmonics as seen in data, if the symmetry axis of the dipole field rotates along the star's symmetry axis with period close to P pre (in the corotating frame of the star).
The precession
Consider a rigid, biaxial rotating star with the principle axes e 1 , e 2 , e 3 and corresponding principle moment of inertia I 1 = I 2 = I 3 . The star's angular momentum L is misaligned to the symmetry axis e 3 by a wobble angle θ, ie. L · e 3 = L cos θ. We assume that the stellar magnetic field is dipolar and it's symmetry axis rotates with frequency ω d along the star's symmetry axis as (in a frame corotating with the star)
where χ is the angle between m and e 3 , and β d is a phase. The equations of motion in the corotating frame are
where R is the average radius of the star. The first term of the magnetic torque, T ff , is due to the far-field radiation and has components both parallel and perpendicular to the spin axis. It is responsible for spinning down the star. The second term, T nf , represents the near-field radiation and is exactly perpendicular to the spin axis. It has no effect on the energy/angular momentum of the star. This torque does affect the wobble angle and spin rate of a freely precessing star, see Jones & Andersson (2001b) for more detail. The corresponding time scales for the far-and near-field torques are • , suggested by the observed pulse shape variations of PSR B1828-11 over one precession period, and for small oblateness ǫ ≃ 10 −8 , we have (ω 0 τ ff ) −1 ≪ (ω 0 τ nf ) −1 < ǫθ ≪ θ ≪ 1. So up the first order of θ, the magnetic torques in the RHS of equation (2) can be neglected. Therefore in this order, the angular velocity vector ω precesses freely around the star's symmetry axis as
with the precession frequency
and a constant phase β p . For the case of PSR B1828-11, observations suggest that ǫ ≃ 4.7 × 10 −9 (Stairs et al. 2000; Jones & Andersson 2001a) . Then ω p ≃ 7.29 × 10 −8 Hz or equivalently P pre = 2π/ω p ≃ 997 d.
Timing
The observed timing behavior can be understood by considering the contribution of other torque's components in the variations of the spin rate. By multiplying ω in equations (2) we have dω
Equation (6) shows the torque-induced variations in the spin rate of star. From equation (2) it is clear that the ω · T term does not depend on the near-field torque. It contributes to the spin rate change only through the negligible final term. Using equations (1) and (2), by calculating ω · T ff one can find the spin rate due to the far-field torque as
Subtracting equation (7) from the secular spin down of the star (in the absence of precession), −(ω sin 2 χ/τ ff )(I 3 /I 1 ), we have (dropping constant terms)
Equation (8) shows that the spin rate variations depend on both the precession frequency and the angular frequency of the dipole axis. For ω d ≪ ω p , equation (8) reduces to one obtained by Link & Epstein (2001) (except by a factor I 3 /I 1 ).
As one expected, the expression for observable variations in period derivative, ∆ṗ, will be modified as well. The star's residual inṗ is owing to both torque variation, equation (8), and the geometrical effect. The later is due to the orientation of the star's angular velocity vector ω relative to the observer. As expected, the torque effects dominate the geometrical effects by a factor (P 2 pre /πP 0 τ ff )(I 3 /I 1 ) sin 2 χ ≃ 100 − 1000 for the precession period ≃ 1000 d, and so we neglected it here. Therefore
where T = (τ ff /2 sin 2 χ)(I 1 /I 3 ) ≃ t age is approximately equal to the characteristic spin-down age and P 0 is the spin period of star. Equation (9) gives the period derivative residual due to far-field torque variations. The observations showed that both 500 and 250 Fourier components are dominant and have comparable amplitudes (Stairs et al. 2000; Link & Epstein 2001) . By setting ω p + ω d ≃ 2π/508 d −1 (chosen by fitting the data), or equivalently 1/P pre + 1/P d ≃ 1/508 d −1 , we have P d /P pre ≃ (P pre /508 − 1) −1 where P d and P pre measured in day. Unfortunately the 1000 Fourier component in the data is not as accurate as the other components. Therefore, for P pre ≃ 1016 d, we have P d ≃ P pre or ω d ≃ ω d . The value of P d will be larger (lower) than P pre , if P pre (> 508 d) is lower (larger) than 1016 d. Therefore equation (9) reduces to
where t measured in day. The second term will comparable to the first one if we have (θ/4) tan χ > 1, or tan χ > 4/θ. For a small θ, one finds that the magnetic dipole moment must be nearly orthogonal to the symmetry axis e 3 . Hence for χ > 89 • and ω p +ω d ≃ 2π/500 d −1 , the most dominant terms are the second and forth harmonics, 500 d and 250 d, that is in good agreement with observed data.
Pulse duration
As shown by observations, the variation in pulse shape S of PSR B1828-11 are highly correlated with changes in the period derivative ∆ṗ. To study this further, following Link & Epstein (2001) , we define the sweep angle ∆Θ as the difference in polar angles (with respect to L) of observer, γ, and the beam, Θ: ∆Θ = ξ + θ cos(ω p t + β) + O(θ 2 ), where ξ ≡ γ − χ, see Fig. 4 by Link & Epstein (2001) . Here ξ is a free parameter which will be fixed later by fitting the data. The shape parameter S is related to the pulse duration w of the observed beam by w ≡ max(w)(1 − S) + min(w)S,
where max(w) and min(w) are the maximum and minimum values of the beam duration in the precession cycle. Equation (11) is consistent with one defined by Stairs et al. (2000) . Further, we assume that the pulse duration w is a function of ∆Θ only, and has an extremum (it will turn out to be a maximum) at ∆Θ = 0. Here we take a more general expansion rather than Link & Epstein (2001) as
It is interesting to note that the contribution of the higher order terms than (∆Θ) 4 do not change the final results for small wobble angle θ, and so we neglect them. But as we will see later, one cannot neglect (∆Θ) 4 term in general. Without loss of generality we assume that w 4 = 1. Combining equations (11) and (12), one finds for w 2 > 0
while for w 2 < 0 we have
where S 0 is a normalization factor. As it clear the shape parameter depends on ω p , β, θ, ξ, and both sign and magnitude of w 2 . With given values of θ ≃ 3
• and P pre ≃ 1000 d the shape parameter is determined by ξ, w 2 , and sign(w 2 ) completely. In a good agreement with data, we find that w 2 must be negative with magnitude larger but close to |w 2 | (|ξ| + θ) 2 . Inserting the latter results in equation (12), one can easily show that the beam pattern is standard: the beam duration is smaller for beam sweeps farthest from the dipole axis. Our result completely in contrast with Link & Epstein (2001) result who found a non-standard beam pattern is required to explain the data. By choosing an appropriate values for |w 2 | and ξ one can easily fit the data, as we found |w 2 | ≃ 0.0034 and ξ = −0
• .01 for given values of θ ≃ 3
• and ω p ≃ 2π/1000 d −1 . Note that the value of (|ξ| + θ) 2 ≃ 0.0031. In table 1 we compare our proposed model with one suggested by Link & Epstein (2001) , and the observations made by Stairs et al. (2000) .
Discussion
In this paper we endeavored to explain the reported PSR B1828-11 timing analysis by Stairs et al. (2000) . We studied the free precession of spin axis of PSR B1828-11 under the magnetic radiation torque caused by an inclined rotating magnetic dipole moment m, with inclination angle χ. In general, we showed that if the dipole moment rotates in the direction opposite to that of the angular velocity vector (in corotating frame with the star) with frequency ω d /ω p ≃ P pre /508 − 1, one might reasonably explain the whole observed spectrum of the Fourier power analysis of PSR B1828-11 reported by Stairs et al. (2000) . We find an acceptable fit to the data with a wobble angle θ = 3
• .2, a precession period of 1015 d, and the inclination angle χ = 89
• between the magnetic dipole and star's symmetry axis. Interestingly, our model can also explain the observed timing data for PSR B1642-03. The analysis of timing data of PSR B1642-03, collected over a span of 30 years, exhibit strong Fourier power at periods ≃ 5000, 2500, and 1250 days (Shabanova et al. 2001) . The suggested wobble and magnetic field inclination angles are θ ≃ 0
• .8 and χ ≃ 60 • , respectively. Similar to PSR B1828-11, the spectra of PSR B1649-03 show wide spectral features at periods ≃ 2500 d and 1250 d. The pulse shape variations were not detected, probably, due to their small amplitudes.
Rotation of the magnetic field's symmetry axis may be understood through the stellar dynamo theory. It is well known that magnetic cycles occur in stars other than the sun. The early observations of A-type stars, with kilogauss magnetic field strength, showed large amplitude, nearly symmetric magnetic reversal in periods ranging from 4 to 9 d, close to the period of the star (Babcock 1958) . While magnetic activity on the Sun is cyclic in nature, it is not clear whether this is typical for the stellar population in general. Magnetic cycles were found to be typical of the relatively old (older than about 1 Gyr) late-type stars. High levels of sporadic activity on young rapidly rotating stars makes it difficult to detect cycles from chromospheric activity records. Recently, several observations from the young rapidly rotating stars confirmed the existence of the solar-type magnetic cycle with P 0 /P cyc ≃ 10 −4 , where P 0 is the period of the star (Brandenburg et al. 1998; Kitchatinov et al. 2000) .
The magnetic cycle time scale is highly dependent on the equation of state, magnetic field strength and configuration, fluid's viscosity, and temperature. Unfortunately its physics is too complicated and is not clear yet. The best description is based on dynamo theories in which dissipation in stellar dynamo is mainly provided by turbulent diffusion. Usually, these theories have predicted periods for stellar activity cycle that are much shorter than is observed. The magnetic cycle period is estimated by the diffusion time for solar-like stars as,
3/2 yr, where η t is eddy diffusivity and d is convective zone depth. With the solar values for the convective zone depth, d ≃ 200 Mm and temperature T ≃ 6000 K, we have t diff ≃ 1.2 yr. For a neutron star with d ∼ 10 km and T ∼ 10 8 K, one finds t diff ∼ 7 × 10 −3 yr, which is very small. Obviously a new model will have to devise for the magnetic cycle time scale in neutron stars.
Unfortunately, it is not clear whether the stellar magnetic cycle is caused by timevarying field's strength and/or field's direction. Although changing in field's strength is more natural, because of unstable conditions induced by the precession (pinning-depinning vortices, turbulent motions, etc.) changing in field direction cannot be prohibited. The change in the magnetic field components is known as magnetic jerk by geophysicists and appears as a spike in the third time derivative of the field (De Michelis et al. 1990) . To see evidence for changes in the field configuration of PSR B1828-11 and PSR B1649-03, polarization information is needed. Such information is not yet available.
New observation from the pulse shape variations of PSR B1828-11 would be able to determine its radiation pattern. In this paper, by assuming P pre ≃ 1000 d as the fundamental precession period, we found the beam pattern of the PSR B1828-11 follows the standard pattern, ie. the beam duration is smaller for beam sweeps farthest from the dipole axis. If the observation confirms the radiation pattern of PSR B1828-11 is standard, one may expect that the fundamental precession period is ≃ 1000 d.
Finally, it is interesting to note that both PSR B1828-11 and PSR 1649-03 exhibit futures around the sixth harmonic, 6ω p , 167 d and 667 d, respectively. It is clear that the free precession models do not provide an explanation for these frequencies. Initial calculations showed that by including the near-field torque in the equation of motion (2), one may reasonably explain this harmonic in the power spectrums. This is still under investigation (Rezania 2002) .
I would like to thank S. M. Morsink and S. Sengupta for reading the manuscript and useful discussions. It is a pleasure to thank B. Link for stimulating discussions during the course of this work. The author is grateful to I. Stairs for useful discussions and providing the timing data for PSR B1828-11. This research was supported by the Natural Sciences and Engineering Research Council of Canada. Table 1 . In this table we compare our proposed model for PSR B1828-11 with one suggested by Link & Epstein (2001) and the observed data reported by Stairs et al. (2000) .
P 0 , P pre , ǫ = P 0 /P pre , θ, and χ are the star's period, precession period, star's oblateness, wobble angle, and field's inclination angle, respectively. No observational information is available for the beam pattern. 
